Background
==========

The response of stomata to changes in atmospheric water content (or more properly the difference in water content between the inside of a leaf and the water content of the boundary layer; or leaf-to air-vapour pressure difference, \[[@B1],[@B2]\] has been the subject of study for several decades \[[@B3]-[@B6]\]. It is generally agreed that as leaf-to-air vapour pressure difference (D) increases, stomatal conductance (Gs) declines, linearly or curvi-linearly \[[@B7]-[@B10]\]. However, the mechanism by which changes in D result in changes in Gs, remain debated. There is considerable evidence that Gs responds to transpiration rate (E) rather than D *per se*\[[@B11],[@B12],[@B5]\], although some argue that transpiration rate is not responsible \[[@B13]\], but acts merely as the carrier for the primary messenger, such as abscisic acid or xylem pH or both \[[@B1]\].

The mechanism by which increasing E (resulting from increasing D) can result in declining Gs is similarly debated. A feedback mechanism, whereby reductions in leaf water potential with increased E result in stomatal closure, has been proposed \[[@B14]\] but is unlikely to account for stomatal responses to D \[[@B13],[@B15]\], especially when it is noted that the normal diurnal pattern of leaf water potential and Gs in the field is for the former to decline in the morning as the latter increases \[[@B8],[@B16]\]. A refinement of this mechanism relies upon changes in local gradients of water potential at the mesophyll/epidermis/guard cell scale, rather than whole leaf water potential \[[@B10]\]. High rates of transpiration may result in the generation of localised gradients of water potential that reduce guard cell turgor and hence Gs. One mechanism that has been proposed to account for this is peristomatal transpiration. \[[@B17]-[@B20]\]. As D increases, water loss from guard cells increases and guard cell turgor and hence Gs declines. Dewar highlighted the influence of changes in the gradient in water potential between guard cell and subsidiary/epidemal cell \[[@B21]\]. in explaining stomatal behaviour. Such mechanisms have been deemed feedforward \[[@B22],[@B23]\] since E declines as D increases. The role of cuticular transpiration as a determinant of Gs has received gradually increasing support \[[@B24],[@B25]\].

There is increasing evidence to support the view that there are three phases to the stomatal response to E \[[@B5],[@B12],[@B25]\]. Initially, at low values of D, as D increases, Gs is high and E increases (phase C of \[[@B12]\]). At intermediate values of D, as D increases, E remains relatively constant because Gs declines with increasing D (phase A). Finally, at larger values of D, as D increases, stomatal closure is more extreme and E declines with increasing D (phase B).

Water stress reduces maximum Gs \[[@B5],[@B6],[@B8],[@B26]\]. However, water stress also influences the response of stomata to D and E \[[@B6],[@B27]\]. In particular, as water stress develops, stomatal sensitivity to D increases and so-called feed forward responses dominate such that E is reduced for all values of D \[[@B5]\].

The aim of this paper is to report a model that can explain these wide-ranging observations of stomatal behaviour. In particular, we developed a model with the following characteristics:

• Based on known biophysical properties of leaf cells;

• Able to account for the three phase response of stomata to increasing D;

• Able to replicate the impact of water stress upon stomatal responses to D;

• Incorporates known compartments within leaves (for example intercellular airspaces and mesophyll cells).

Initially we have treated time as a parametric variable in order to predict the steady state behaviour of the leaf to changing D. The model is based upon basic biophysical principles and only cell/leaf water relations change in the model. The model consists of a set of five coupled first order differential equations that have been developed from basic principles of water flow in plants.

One of the benefits of only including water relations, is that the dependence of the leaf to water supply can be gauged from model outputs. As will be seen, a large amount of experimentally observed behaviour can be predicted from this model, using water relations.

Results
=======

For well watered leaves, when xylem water potential was -0.05 MPa, as D increased, Gs declined curvilinearly (Fig [3](#F3){ref-type="fig"}). The cause of this decline in Gs was a decline in the volume of the guard cell because water supply to the guard cell became reduced as cuticular transpiration became an increasingly large fraction of total transpiration. As water stress increased, the same pattern of stomatal response to increased D was observed, but the curves were moved downwards (Fig. [3](#F3){ref-type="fig"}).

![A schematic diagram of the modelled leaf with compartments and fluxes identified.](1472-6785-2-8-1){#F1}

![Maximum Gs declines as xylem water potential declines because of the stress function.](1472-6785-2-8-2){#F2}

![The response to stomatal conductance (Gs) to increasing D for unstressed and increasingly stressed leaves. The upper line represents the unstressed leaf, the lowest line represents a leaf with a potential of -2.0 MPa.](1472-6785-2-8-3){#F3}

Stomatal responses to E are shown in Fig [4](#F4){ref-type="fig"}. For well watered leaves, when xylem water potential is -0.05 MPa, as D increased from approximately 0.5 kPa to approximately 5 kPa (this corresponds to the moving from the top of each curve, to the bottom of each curve, in Fig. [4](#F4){ref-type="fig"}), E increased for small to moderate increases in D (from 0.5 to 2.5 kPa), remained approximately constant for moderate values of D (about 2.5--3.5 kPa) and then E decreased for larger values of D (Fig. [4](#F4){ref-type="fig"}). Thus, stomata did not regulate E with increasing D when D was low to moderate, but stomata did limit E when D was moderate to large. It is important to note that the values of xylem potential used in Fig. [4](#F4){ref-type="fig"} are -0.05, -0.5 -1.0 -1.5 and -2.0 MPa. The upper end of each curve corresponds to *ca* 0.5 kPa of D. The lower end of each curve corresponds to approximately 5.1 kPa of D (0% RH at 33°C). The dashed lines are lines of constant D.

![The relationship between stomatal conductance and transpiration rate as D increases from approximately 0.5 kPa to approximately 5 kPa in steps of approximately 0.5 kPa. The uppermost line is for an unstressed leaf, the lowest line represents a leaf with a xylem water potential of -2.0 MPa. The dashed lines are lines of constant D.](1472-6785-2-8-4){#F4}

A key prediction can be made from the model, namely the relative importance of cuticular transpiration on sensitivity of Gs to D. We can vary cuticular conductance by varying the \'wax factor\'. When the wax factor was halved (ie cuticular conductance increased) the response curves of Gs vs E shifted to the left, but the maximum values of Gs varied only slightly (Fig [5](#F5){ref-type="fig"}). Consequently, stomatal sensitivity to increasing D had two responses, depending on the magnitude of D. For small values of D, there was minimal change in stomatal sensitivity to increasing D. At high values of D, however, increasing cuticular transpiration by increasing cuticular conductance resulted in an increase in the sensitivity of stomata to D. This can be seen by comparing the slope of the Gs against E curve for large values of D in Figure [5](#F5){ref-type="fig"}. The dashed lines are lines of constant D.

![As the value of the external cuticular wax factor increased (resistance to water flow across the cuticle increased) stomatal sensitivity to increased D declined, as revealed by the decreasing slope of the relationship between conductance and transpiration. Values for the wax factor are 0.5, 1.0 and 2 times the default value for the curves, reading left to right. The dashed lines are lines of constant D.](1472-6785-2-8-5){#F5}

When membrane Lp was halved, the relationship between Gs and E shifted significantly to the left (Figure [6](#F6){ref-type="fig"}). Interestingly, although maximum Gs did not change, the maximum E was more than halved, compared to the default value of Lp used generally. Indeed, the Gs against E curve tended towards the curve observed when the plant was significantly stressed (Fig. [4](#F4){ref-type="fig"}). Clearly, reducing Lp resulted in an increase in stomatal sensitivity to E and region C of the three phase curve (see above) was lost, in a similar manner to what was observed when water stress was imposed. The dashed lines are lines of constant D.

![As the value of the membrane hydraulic conductivity (Lp) increased (resistance to water flow across the membrane decreased) stomatal sensitivity to increased D declined. Values for Lp are 0.5, 1.0 and 2 times the default value for the curves, reading left to right. Changes in membrane hydraulic conductance influence the maximum value of E and alter stomatal sensitivity to D. The dashed lines are lines of constant D.](1472-6785-2-8-6){#F6}

Discussion
==========

The parameter values used (stomatal density, stomatal size, xylem water potential as a leaf is water stressed, cuticular conductance, fraction of leaf volume that is air, and hydraulic conductance), are within the ranges of published values. In addition, when using these values, derived relationships, such as the ratio of cuticular to stomatal transpiration when stomata are open, and the proportion of leaf area that is stomatal pore, are also well within published ranges (this may appear obvious, but it is not necessarily so that ratios of two values that are themselves within a range of published values must generate a ratio that is similarly so). Thus, approximately 1.25 % of the leaf surface is stomatal pore and the ratio of cuticular to stomatal transpiration (for open stomata) is about 0.02. For well watered leaves, Gs declined curvilinearly as D increased. Such responses are well-documented \[[@B2],[@B9],[@B17],[@B25],[@B30],[@B37],[@B38]\]. The cause of this decline in Gs was a decline in the volume of the guard cell because water supply to the guard cell became reduced as cuticular transpiration became an increasingly large fraction of total transpiration. As water stress increased, the same pattern of stomatal response to increased D was observed, but tqhe curves were moved downwards. That maximum conductance declines with increasing water stress is well accepted \[[@B39]\].

We observed the three phases of stomatal responses to D \[[@B6],[@B12],[@B25],[@B37]\]. For well watered leaves, as D increased from approximately 0.5 kPa to approximately 5 kPa, E increased for small to moderate increases in D (from 0.5 to 2.5 kPa), remained approximately constant for moderate values of D (about 2.5--3.5 kPa) and then E decreased for larger values of D. Thus, stomata did not regulate E with increasing D when D was low to moderate, but stomata did limit E when D was moderate to large.

As water stress developed in the plant, xylem water potential declined from -0.05 MPa to -2.0 MPa. This reduced maximum Gs (because of the stress function in the model -- see Fig. [2](#F2){ref-type="fig"}). Stomatal behaviour became more and more regulatory as leaf water potential declined. Consequently, at the most severe levels of stress modeled, for almost the whole range of increasing D, E declined, as has been observed previously \[[@B5],[@B6],[@B37]\]. Thus the entire stomatal response to increasing D, for the entire range of D, became confined to the lowest part of the response curve whereby E was reduced at all values of D. Therefore we can conclude that as stress developed, stomata regulated transpiration at ever decreasing values of D -- that is, stomatal sensitivity to D increased with increasing levels of water stress. Increased stomatal sensitivity to D with decreasing plant water status has recently been observed \[[@B40]\].

How do we interpret the 3 phases of stomatal responses to increasing D and declining leaf water potential? Decreasing the xylem potential of the plant reduced the maximum conductance. Also the \"knee\" of each curve (maximum transpiration) occurs at lower values of D while plant stress is increasing, further indicating increased sensitivity of stomata to D as plant water status declined \[[@B40]\]. It is important to note that feedback is always operating over the full response curve. As D increases, cuticular transpiration from epidermal and guard cells increase. Guard cells compensate for this increased loss by reducing their volume and hence reducing their aperture relatively more than if there was no cuticular transpiration. It is the presence of this cuticular transpiration and loss into the sub-stomatal cavity that results in the 3-phase (*sensu*\[[@B12]\]) response of stomata. Thus, at low values of D, stomata are fully open and E increased with increasing D because water loss from the guard cell (both into the sub-stomatal cavity and out to the atmosphere is insufficient to cause stomatal closure. At a critical value of D, increased water loss from the guard cell is sufficient for guard cell turgor and hence aperture to be reduced and E is regulated to an approximately fixed value. For further increases in D, aperture must reduce substantially since cuticular water loss into the surrounding air is a substantial fraction of the total. Consequently E declines with increasing D. These response characteristics have been observed experimentally \[[@B5],[@B6]\].

Feedback control
----------------

The model shows that at low values of D, as D increases, E increases. Only at high values of D does increasing D result in E decreasing (the so-called feed-forward behaviour). The model conclusively shows that this behaviour is not feed-forward, but feed-back. At low values of D, E increases with increasing D because the supply of water to the guard cell is sufficient to maintain guard cell volume and hence turgor, despite increasing losses of water from the guard cell through peristomatal transpiration and loss into the sub-stomatal cavity. Because turgor is maintained, stomatal aperture is maintained and hence transpiration increases with increasing D. At this stage, peristomatal transpiration is a very small fraction of total transpiration. However, above a certain value of D, the supply of water to the guard cell becomes insufficient to maintain guard cell volume. It is both peristomatal transpiration and water loss into the sub-stomatal cavity that causes the decline in guard cell volume and hence aperture and hence transpiration. This loss of water from the guard cell therefore feeds back on guard cell volume, and aperture, such as to cause declining aperture at a rate sufficient to cause declining E.

It is important to note that with increasing D the increasing peristomatal transpiration from the guard cell causes the stomata to close further than it would need to if water loss into the sub-stomatal cavity were the only loss pathway from the guard cell. The increasing peristomatal transpiration with increasing D at large values of D cause aperture to decline at a rate sufficient to cause declining E. There is no feed-forward linkage between transpiration through the guard cell to determine aperture. It has been the inability to separate water flux through the aperture from flux from the guard cell that has resulted in the mislabeling of changes in aperture as a feed-forward response.

Predictions of the model
------------------------

A key prediction can be made from the model, namely the relative importance of cuticular transpiration on sensitivity of Gs to D. We can vary cuticular conductance by varying the \'wax factor\'. When the wax factor was halved (ie cuticular conductance increased) the response curves of Gs vs E shifted to the left, but the maximum values of Gs varied only slightly (Fig [5](#F5){ref-type="fig"}). Consequently, stomatal sensitivity to increasing D had two responses, depending on the magnitude of D. For small values of D, there was minimal change in stomatal sensitivity to increasing D. At high values of D, however, increasing cuticular transpiration by increasing cuticular conductance resulted in an increase in the sensitivity of stomata to D. This can be seen by comparing the slope of the Gs against E curve for large values of D in Figure [5](#F5){ref-type="fig"}. These results are consistent with the conclusion of Kerstiens \[[@B10]\] who stated that at relatively low D there was an insignificant correlation of stomatal sensitivity and cuticular conductance, but at high VPDs, there was a positive correlation. In addition hexane treated twigs of Douglas fir were more sensitive to D than non-treated branches \[[@B41]\]. Hexane removes part of the cuticular waxes and hence increases cuticular conductance.

Sensitivity analyses
--------------------

How does model behaviour change if we vary any of the parameters? Several parameter values have been changed by 50 % up and down from the values used to generate the figures. Variation in several parameters had no significant impact upon model behaviour, including leaf thickness, fraction of volume that is air and the proportion of the cell wall that is in contact with air. However, changes in the wax factor (Fig. [5](#F5){ref-type="fig"}) and membrane hydraulic conductance did have impacts upon model outputs. Changes in the wax factor are discussed above. We now consider changes in membrane hydraulic conductance (Lp).

When Lp was halved, the relationship between Gs and E shifted significantly to the left (Figure [6](#F6){ref-type="fig"}). Interestingly, although maximum Gs did not change, the maximum E was more than halved, compared to the default value of Lp used above. Indeed, the Gs against E curve tended towards the curve observed when the plant was significantly stressed (Fig. [4](#F4){ref-type="fig"}). Clearly, reducing Lp resulted in an increase in stomatal sensitivity to E and region C of the three phase curve (see above) was lost, in a similar manner to what was observed when water stress was imposed. There is ample evidence that water stress reduces the conductivity of the soil-plant system \[[@B42]\] and may regulate transpiration rate \[[@B43]\]. From our model, stomatal responses to water stress can be approximately replicated by reducing Lp, suggesting that this may represents a mechanism additional to those previously reported (xylem sap ABA, xylem sap pH) as underlying this response.

Conclusions
===========

In conclusion, we state the following. A simple model of stomatal responses to D was generated based on simple biophysical properties of leaves. This model was able to replicate the three-phase response of stomata to increasing D, and also replicated the impact of water stress upon these responses. Finally, changes in stomatal sensitivity to D as leaf water status changed were also found to replicate published observations. There was no evidence that feed-forward control of stomata occurs. Cuticular transpiration was found to be an important feature underlying stomatal responses to D and causes the 3 phase response of stomata to increasing D. Feed-back behaviour of stomata, through water loss from the guard cells can explain all phases of stomatal responses to D.

Methods
=======

The model -- an overview
------------------------

The model of cell/leaf behaviour makes comprehensive use of Mathematica^©^ software. This is an excellent tool for developing and running the model and displaying results. The rate equations in the model are not empirical. The equations are numerically solved as a function of time. Given a variety of starting conditions, the model quickly moves towards a steady-state solution. (That is, to a point where all time derivatives are zero).

Once steady state is reached, the behaviour of the model to a slowly changing vapour pressure deficit (D) can be found by making D a slowly varying function of time. A set of parametric solutions for various leaf quantities is produced by the model. Variation in D is so slow that at any time the model is in equilibrium for that set of parameters.

Stomatal aperture is taken to be linear with guard cell volume. That guard cell volume and aperture are correlated is fully accepted \[[@B3],[@B28]\]. In the model we set a fraction of maximum guard cell volume at which the stomatal aperture is zero. (The aperture is at maximum size at maximum guard cell volume.) Further, there is little doubt that as water stress develops and xylem water potential declines, maximum stomatal aperture also declines \[[@B29]-[@B31]\]. Several mechanisms can be proposed as the link between declining soil water content and declining Gs. These include increased ABA supply to guard cells \[[@B31]\], increased apoplast pH \[[@B32]\] and increased xylem embolism resulting in reduced water supply to the leaf \[[@B33]\]. We link the maximum guard cell volume (and hence aperture) to the xylem water potential in a manner described below, making no assumptions as to the mechanism linking aperture to soil water content.

The model leaf is divided into a number of compartments (Fig. [1](#F1){ref-type="fig"}). These are (a) leaf xylem; (b) chains of mesophyll cells; (c) chains of epidermal cells, including a subsidiary cell; (d) guard cells; (e) intercellular air space; (f) sub-stomatal cavities and (g) the atmosphere outside the leaf. Water supply from the xylem to the rest of the leaf is determined by the gradient in water potential between the xylem and the rest of the leaf. The xylem supplies water (independently) to both the chain of mesophyll cells and the chain of epidermal cells. Mesophyll cells supply water to intercellular air spaces and sub-stomatal cavities. The subsidiary cell supplies water both to the guard cell and the external atmosphere through cuticular transpiration. All epidermal cells supply water to the next cell in the chain and to the external atmosphere through cuticular transpiration. The model assumes that all mesophyll cells are identical, and that all epidermal cells are identical. The number of cells in each type of chain is specified, but this number does not have any significant impact on model outputs. The whole leaf is assumed to be made up of a large number of identical chains. The number of epidermal chains does not need to be specified, since the number of stomata per unit area is specified. The contact area between the guard cell and epidermal cells is defined as a constant.

Water flows between two points due to the difference in water potential between those points. The direction of flow is not set as a constraint, but by the model reaching equilibrium. It is assumed that the differences in water potential between identical neighbouring cells in any chain are equal. That is, the water potential changes uniformly along a chain, since cells within a chain are assumed to behave identically. Hence only the water potential for the last cell in the chain needs to be specified, and the rate equations for the mesophyll cell potential, or the epidermal cell potential apply to the end cell in the respective chain.

The guard cell and the outside surface of the epidermal cells are covered by a waxy cuticle. The guard cells and epidermal cells lose water directly to the outside environment due to cuticular loss from their outside surface area. The sub-stomatal cavity is assumed to be in diffusive communication with the leaf\'s intercellular air spaces and internal RH is very close to saturation. See Figure [1](#F1){ref-type="fig"} for a schematic diagram of the leaf.

The size of the intercellular air space is specified by the fraction of leaf volume it represents. Since not all the wall area of a mesophyll cell is in contact with this air space, an average fraction of mesophyll wall area that is in contact with the air space is specified (see \[[@B6]\]). Complications arise since most transpirational water flows from the mesophyll cells closest to the sub-stomatal cavity and we assume that RH in the intercellular air space increases with distance from the stomata. To account for this each mesophyll cell is assumed to supply water to 1/N~M~ of the intercellular airspace, where N~M~ is the number of mesophyll cells in the chain. It could be argued that the last mesophyll cell in the chain should be supplying more water then the other cells in the chain, but at present we have no adequate way of estimating this effect. Note that the last cell in the chain has a greater surface area in contact with the air space since it only has a neighbouring cell on one side. From the intercellular air space the water flows to the outside environment through the sub-stomatal cavity and stomatal aperture. The RH of the sub-stomatal cavity at the inside edge of the stomata is the RH that the last mesophyll cell in the chain experiences.

The effect of the wax cuticle on cuticular transpiration is determined by a \"wax factor\" in the flow equation defining water loss across the cuticle. The resistance to flow across the wall cuticle is substantially (2 \* 10^4^) larger than the resistance to flow across a plasmalemma. The value of the wax factor is primarily responsible for determining the amount of cuticular transpiration. The surface area of the stomata in contact with the sub stomatal cavity is also assumed to be covered by a wax cuticle, although the wax factor for flow across this area is allowed to be different from that governing cuticular transpiration. The outside relative humidity is a controlled (but varying) input to the model. In practice, we slowly vary the outside vapour pressure linearly with time, between zero and some set maximum value to generate a set of results.

In practice, for any cell in contact with an air space, either cavity or outside, we define an RH for that cell\'s wall. In effect, water flows from the symplast of the cell, across the plasmalemma, to the cell wall, and from the cell wall to the airspace (see below). The guard cell wall is especially important since it communicates with four regions (subsidiary cell, guard cell cytoplasm, external atmosphere and sub-stomatal cavity). Water can flow through this wall between the four regions even if stomata are closed.

The only variable that is regulated in this model is the size of the stomatal aperture (the controlled parameter). We have empirically linked (linearly) the size of this aperture to guard cell volume. The flow of water into and out of the guard cell is the only mechanism by which the volume of the guard cell (and hence the aperture) can change. Mechanisms underlying solute accumulation and loss by guard cells are not part of this model but have been the subject of extensive research \[[@B34],[@B35]\]. Stomatal aperture is a maximum when guard cell volume is a maximum, and reduces linearly to zero as guard cell volume reduces to a minimum value (set to 60 % of maximum volume, ie zero aperture is attained when guard cell volume is 60% of the maximum; see \[[@B3]\]). Cell volume can continue to decline when the aperture is shut, since the guard cell may continue to lose water.

Impacts of water stress
-----------------------

The size of guard cells approach a maximum as turgor increases, while the difference in total water potential between the guard cell and subsidiary cell decreases (otherwise guard cells would increase in size without limit). Guard cell volume is prevented from growing too large by specifying a fraction of maximum guard cell volume at which the total potential difference between guard cell and subsidiary cell tends to zero. For an unstressed leaf this fraction is equal to one.

To incorporate the impact of water stress upon stomatal responses to changes in D the fraction of maximum guard cell volume (referred to above) reduces as xylem water potential declines. Hence the maximum possible size of a guard cell (and maximum aperture size) also declines with increasing stress, as observed experimentally \[[@B5],[@B6],[@B8]\]. We do not concern ourselves at this stage with determining the mechanism underlying the link between the declining leaf water status and the reduced maximum size of the guard cell, although a role for chemical signaling is likely.

The model has six coupled rate equations for the volume of the guard cell, the water potential of the mesophyll cells, the water potential of the epidermal cells, the RHs of the cell walls of both the mesophyll and guard cells, and the RH of the sub-stomatal cavity. These six quantities are referred to as *state variables*. All six equations are similar in form in that the rate of change of the state variable is set to be proportional to either the rate of flow of water into and out of a particular identifiable volume of the leaf, or to the rate of change of the difference in water potential driving the water flows into and out of the volume. That is, the equations have the general form:

![](1472-6785-2-8-i2.gif) (1)

If the areas across which the flow occurs is not known, and we consider cell B in communication with cells A and C in a chain A-B-C

![](1472-6785-2-8-i3.gif)

Given parametric solutions for the state variables, in terms of the independent variable time, all other necessary quantities can be calculated. For example, water loss from the cavity through the stomatal aperture can be found from the number of stomata, aperture size, the length of the stomata, and the difference in RH across the stomata.

There are a number of parameters in the model which do not depend on time (i.e. constants), including the physical size of all leaf cells except guard cells, the mesophyll wall area, epidermal to guard cell wall area, stomata dimensions etc. All are all given realistic values (detailed in Table [1](#T1){ref-type="table"}) derived from the literature. No single study is available that provides all the required parameters for a single species so we have been required to utilise several sources for different species.

###### 

The values of the non-time varying parameters

  **Parameter**                                                              **Range**                     **Symbol**   **References**
  -------------------------------------------------------------------------- ----------------------------- ------------ ------------------------
  Xylem water potential                                                      0 to -2.0 MPa                 Ψ~X~         \[[@B5],[@B6],[@B44]\]
  Subsidiary cell to guard cell water potential difference                   -0.1 to -0.05 MPa             ΔΨ~SG~(t)    \[[@B45]\]
  Maximum Guard Cell Volume                                                  4.3 × 10^-16^ m^3^            V~max~       \[[@B46]\]
  Maximum Stomatal Aperture                                                  5 × 10^-6^m                   Stom~max~    \[[@B28],[@B46]\]
  Stomata Density                                                            250 × 10^6^ /m^2^             σ~S~         \[[@B38],[@B46]\]
  Subsidiary cell : Guard Cell Contact Surface Area                          2.4 × 10^-10^m^2^             A~SG~        \[[@B40]\]
  Fraction of total leaf volume that is air                                  50%                           f~v~         \[[@B40]\]
  Leaf Thickness                                                             1 × 10^-3^m                   Leafthick    Eamus unpbl.
  \% Mesophyll Cell surface in contact with air                              50%                           f~c~         \[[@B40]\]
  Maximum membrane hydraulic conductivity                                    5 × 10\>^-14^m s^-1^ Pa^-1^   L~P~         \[[@B40]\]
  Mesophyll cell wall thickness                                              3 × 10^-6^ m                  Δx~MW~       Eamus unpbl.
  Depth of stomatal channel                                                  5 × 10^-6^ m                  Δx~GW~       Eamus unpbl.
  Wax Factor Out                                                             2 × 10^4^                     W~OUT~       
  Wax Factor IN                                                              5 × 10^3^                     W~IN~        
  Ratio of cuticular to stomatal transpiration when stomata are fully open   *Ca* 0.01                                  24

Water flow through any section of the leaf is driven by the difference in water potential between that section and the two bounding regions. In the air spaces of the leaf, as well as on the surface of all the cell walls, it has been found that RH is a more useful quantity than water potential. This is because the equations for these sections of the leaf have been developed by calculating the rates of change in the number of water molecules per unit volume, and RH is a better measure of this quantity for the vapour state. Water potential is related to RH by the equation:
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where N~A~ is Avogadro\'s number, k is Boltzman\'s constant, T the absolute temperature, and ![](1472-6785-2-8-i5.gif) the molar volume of water.

The guard cell area in contact with the sub-stomatal cavity or the outside environment, the guard cell wall thickness, and the stomatal aperture are dependent on the volume of the guard cell. We have not let the area of contact (A~SG~), or thickness of the wall, between the epidermal cell and the guard cell change, even though the total area of the guard cell wall changes. The thickness of the remaining guard cell wall is calculated by assuming the total volume of this guard cell wall remains constant as total cell volume changes. That is, the cell wall becomes thinner as the volume increases. Half of this area is in contact with the atmosphere, the other half with the sub-stomatal cavity. (Both of these are covered by wax.)

The guard cell is assumed to be of the dicotyledenous type, and in this model its volume is assumed to be approximated by a toroid. To account for the actual shape of a stomata we have assumed that the stomata opening is fixed in length (15 × 10^-6^ m), and is fully closed when the guard cell has 0.6 of its maximum volume, and fully open at the maximum volume. Aperture varies linearly with cell volume between these limits \[[@B36]\]. For stressed leaves the volume of the guard cell, and hence the aperture, never reaches maximum size. To account for the (very) approximately diamond shape of actual stomata openings, we have halved the product of the fixed length and the aperture, and called this the area of the stomatal pore.

The model in full
-----------------

### Subsidiary cell and guard cell water potentials

The rate equation for the subsidiary cell water potential is of the form of equation (1). However, the area of cell wall on either side of an epidermal cell across which water flows into and out of the cell are assumed equal and this area is set equal to the area of contact between the last epidermal cell (the subsidiary cell) in the chain and the guard cell. This assumption \"converts\" the equation into the form of equation (2) in the steady state. Since water flows from the xylem to the guard cell through this chain, the assumption of equal areas implies that the difference in water potential between the xylem and the guard cell is evenly distributed along the chain of epidermal cells and guard cell. Further, the rate equation for the subsidiary cell water potential has been formulated in terms of the differences in water potential between neighbouring cells, and not the absolute water potentials.

The \"potential difference in\" term of equation (2) for the subsidiary cell is:

Potential Difference In = Ψ~*X*~ - (*N*~*E*~ - 1) ΔΨ~*S*~ - Ψ~*S*~     (4)

where Ψ~S~ is the absolute subsidiary cell water potential, N~E~ is the number of epidermal cells in the chain (including the subsidiary cell), Ψ~X~ is the xylem water potential, and ΔΨ~S~ is the difference in water potential between subsidiary cell and guard cell, and hence also between neighbouring epidermal cells. The assumption of uniform variation in water potential along the chain ensures that expression (4) simplifies to a single term: ΔΨ~S~ (that is, Ψ~X~ -- Ψ~S~ = N~E~ ΔΨ~S~)

The \"potential difference out\" term of equation (3) for the subsidiary cell is the difference in water potential between the subsidiary cell and the guard cell. This difference in water potential is assumed to have a value that is dependent upon the volume of the guard cell (one of the state variables) and will vary with time as the guard cell volume varies. One other assumption in the model is that there is some volume of guard cell at which this potential difference between guard cell and subsidiary cell would be zero due to increasing guard cell turgor (which increases with guard cell volume as solutes accumulate in the guard cell). This value of cell volume is defined as a fraction of the maximum guard cell size for a totally unstressed plant. This method allows us to vary this fraction with plant stress (as the plant becomes more stressed the guard cells do not increase to the size they would have for an unstressed plant, see below). The potential difference between the subsidiary cell and the guard cell is labelled ΔΨ~SG~(V~G~(t)), indicating that the difference is dependent on the time varying guard cell volume, V~G~(t).

The functional form of ΔΨ~SG~(V~G~(t)) is a matter for further investigation. For this model it has been taken as a function which will produce a constant value of ΔΨ~SG~(V~G~(t)) when the guard cell has not reached its upper limit on size, while tending rapidly to zero when the guard cell approaches this point. The function is given by the following expression:
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where:

f~M~ is that fraction of V~max~ where the water potential difference goes to zero.

ΔΨ~SGI~ is an initial value of the potential difference between the guard cell and the subsidiary cell.

f~M~ has been set to one.

ΔΨ~SGI~ can be taken as an \"initial\" value for the potential difference between the subsidiary cell and guard cell, one that is never actually realised since V~G~(t) will always have some value less then f~M~ V~max~.

Hence the rate equation for the subsidiary cell water potential becomes:

![](1472-6785-2-8-i7.gif)

In the steady state, the solution will always be that ΔΨ~S~(t) equals ΔΨ~SG~(V~G~(t)). When the instantaneous value of ΔΨ~SG~(V~G~(t)) is found from equation (5), the absolute subsidiary cell water potential, Ψ~S~(t), is determined from expression (4). It is given by:

Ψ~*S*~(t) = Ψ~*X*~ + *N*~*E*~ ΔΨ~*SG*~ (*V*~*G*~ (t))     (7)

Similarly, the instantaneous value of the absolute guard cell water potential, Ψ~G~ (t), is found by adding ΔΨ~SG~(V~G~(t)) to the subsidiary cell potential. In the actual program the rate equation for Ψ~S~(t) is solved for numerically, but the result is always as given by equation (7).

### Changes in guard cell volume

The rate equation for the volume of the guard cell is of the form of equation (1), where the flow rate is of water into and out of the guard cell. Water flows into the guard cell from the subsidiary cell, and flows out of the guard cell into the guard cell wall. The flows into and out of the guard cell are proportional to the water potential differences between the guard cell and the regions on either side.

The \"flow rate in\" term is given by the expression:

*A*~*SG*~*L*~*P*~ ΔΨ~*SG*~ (*V*~*G*~ (t))

where L~P~ is the membrane hydraulic conductivity and A~SG~ is the fixed area between the subsidiary cell and the guard cell. (L~P~ and A~SG~ values are given in Table [1](#T1){ref-type="table"}.)

The \"flow rate out\" term is given by the expression:
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where:

2A~G~(t) is the varying area of the guard cell in contact with the sub-stomatal cavity and outside environment (A~G~(t) each)

RH~Gwall~(t) is the time varying effective RH of this guard cell wall area

Other quantities are as defined in Table [1](#T1){ref-type="table"}. Hence the rate equation for the volume of the guard cell is:
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The sum of A~SG~ and 2A~G~(t) is the instantaneous total area of the guard cell wall. We have equated this area to the surface area of a toroid whose larger radius is fixed, and whose volume is the instantaneous volume of the guard cell. In effect this means the smaller radius of the toroid increases or decreases with volume. The relation can be expressed as:
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Equation (10) simply states that the volume change of the guard cell is due to the difference in volume between the flow of water into the cell, and the flow out of the cell. If these two rates are equal, the volume remains constant with time. A more detailed relationship between the guard cell area and its volume is being developed.

### Guard cell wall water content

By considering water flow (in terms of the number of molecules) into and out of the cell wall of the guard cell, a rate equation can be developed for the rate of change of the *effective* RH of this wall. In this equation it is assumed that flow into the wall is due to the difference in water potential between the guard cell cytoplasm and its cell wall. Flow out of the wall is due to the difference in water potential between that of the wall and both the intercellular air space and the outside environment. Flow into each of these areas is reduced by the appropriate wax factor (allowed to be different for each area). These last three water potentials are expressed in terms of RH, using equation (3) where necessary.

The rate equation is of the form of equation (1), with the \"flow rate in\" term being able to be expressed as:
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where:

S~VP~(T) is the saturated vapour pressure of water at temperature T, at standard pressure,

V~Gwall~ is the volume of the guard cell wall,

RH~Gwall~(t) is the time dependent RH of the guard cell,

(2A~G~(t)/V~Gwall~) is the inverse of the cell wall thickness.

The \"flow rate out\" term is:
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where:

D~W~(T) is the vapour diffusion constant for water at temperature T,

RH~cav~(t) is the time dependent RH of the sub-stomatal cavity.

RH~out~ is the RH of the atmosphere

W~IN~ is the wax factor reducing flow into the sub stomatal cavity

W~OUT~ is the wax factor reducing cuticular flow to the atmosphere.

The complete rate equation for the RH of the guard cell wall volume becomes:
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### Mesophyll cells

For mesophyll cells, water flow into these cells is governed by equations similar to those for the subsidiary cell. However, the surface area and volume of the mesophyll cells are fixed. A fraction of their surface area (f~c~) is assumed to be in contact with the intercellular spaces, the remainder of the cell is assumed to be in contact with adjacent mesophyll cells. For the last cell in the chain there is only a neighbouring cell on one side, so the fraction in contact with the intercellular space is larger. The time dependent quantity in this system is the mesophyll water potential of this last cell, and assuming the mesophyll cell water potential varies linearly along the chain, the \"flow rate in\" term of equation (1) for the last cell in the chain can be written as:
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where

A~M~ is the total area of a single mesophyll cell

N~M~ is the number of mesophyll cells in the chain

Ψ~Mcell~(t) is the time varying water potential of the last mesophyll cell in the chain

The \"flow rate out term\" can be written as:
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where

RH~Mwall~(t) is the time varying RH of the last mesophyll cell wall

The complete rate equation for the mesophyll water potential becomes:
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Note that when the rate equations are solved for the steady state (time derivatives zero) the common constants in both terms of the right hand side of equation (17) will disappear. (They are important for transient behaviour).

### Mesophyll cell wall water content

The next rate equation is for the effective RH of the walls of the last mesophyll cell in the chain. Water flows into this region from a mesophyll cell and then evaporates into the intercellular space. The intercellular space and the sub-stomatal cavity are considered as a single unit for the purpose of the model, but each mesophyll cell supplies water to only part of this volume. The water potential of the cell wall is expressed in terms of its RH. The \"flow rate in\" term of equation (1) can be written as:
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where:

Δx~MW~ is the thickness of the mesophyll cell wall.

The \"flow rate out\" term of equation (1) can be written as:
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where:

RH~cav~(t) is the time varying RH of the intercellular air space and sub stomatal cavity.

The complete rate equation for the RH of the last mesophyll wall becomes:
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### Sub-stomatal cavity water vapour content

The rate equation for the last state variable defines the rate of change of the RH in the sub-stomatal cavity. This equation couples the equations for the guard and mesophyll cells since both are in contact with this volume. Water vapour diffuses out of this space through the stomatal aperture to the outside atmosphere. The previous equations apply to single cells, with all individual types of cells being identical with others of their type. This final equation is for that fraction of the whole leaf air space supplied by the last mesophyll cell in all chains, and takes account of all water flow into and out of this space, expressed per square metre of leaf area. The RH of the outside atmosphere is an adjustable parameter in the model; it can be set to a constant value or made a function of time. The \"flow rate in\" term of equation (1), has two components (last mesophyll cells in all chains and all guard cells) and for this region is:
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where:

σ~S~ is the number of stomata per square metre of leaf area

A~Mwall~ is the total wall area of all last mesophyll cells interacting with the airspace

V~cav~ is the total air volume of the leaf, divided by N~M~.

The \"flow rate out\" term is:
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where:

A~S~(t) is the stomata aperture area, a linear function of guard cell volume

RH~out~ is the RH of the atmosphere surrounding the leaf.

### Boundary layer effects

One other feature has been incorporated into the model. It is the incorporation of a boundary layer effect into water flow through the stomatal pore. The first approximation of this effect, found by modelling flow through the stomata as flow through a cylinder of diameter *d* and length *l* results in a factor being incorporated into the flow equation for flow through the stomatal pore equivalent to:
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In effect, this means that for narrow long pipes, most of the water vapour concentration difference appears over the length of the pipe. For short wide pipes, only a small concentration difference appears between the ends of the pipe, with the majority of the concentration gradient appearing between either end of the pipe and the region well removed from that pipe end (i.e. a boundary layer). In the model the flow through the pipe (i.e. stomatal pore) is found from the concentration gradient appearing between the ends of the pipe.

### Incorporating water stress in the model

The influence of water stress on maximum aperture size is accomplished by making the value f~M~ (which was set to 1 for unstressed plants) a dimensionless function of xylem potential. This function has been chosen by design to be 0.6 + 2/(5 -- 2x^3^), where x is the xylem potential in MPa; the function maps f~M~ into the range of 0.6 for very stressed plants to 1.0 for unstressed plants. This function was chosen because it mimics the observed decline in G~S~ as water stress develops \[[@B5],[@B6]\]. The effect of water stress on maximum G~S~ due to the variation in f~M~, normalised to the maximum G~S~ for an unstressed leaf, is shown in Figure [2](#F2){ref-type="fig"}. We concur with Jones that it is D (or E) and soil water potential that control G~S~, but the direct mechanistic link is through leaf (xylem) water potential \[[@B38]\]. This model does not attempt to incorporate mechanisms by which changes in soil water availability influence Gs; this model does explicitly deal with how changes in D control G~S~.
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